Peripheral blood neutrophils are the first line of defense after bacterial infection ([@bib22]; [@bib18]). Neutrophils can migrate to sites of infection in response to inflammatory signals, where they engulf and kill bacteria by phagocytosis. Recently, a novel mechanism of extracellular bacterial killing mediated by highly decondensed chromatin structures, termed neutrophil extracellular traps (NETs), was identified ([@bib3]). NET formation is induced by PMA, LPS, and bacteria ([@bib3]). NETs trap and kill pathogenic bacteria, such as *Shigella flexneri* ([@bib3]) and group A *Streptococcus pyogenes* (GAS; [@bib5]). The role of NETs in innate immunity has kindled much attention due to its involvement in human health and diseases and its therapeutic implications ([@bib2]; [@bib20]; [@bib27]; [@bib24]). For example, impaired NET formation predisposes newborn infants to bacterial infection ([@bib30]). Further, in chronic granulomatous disease patients with impaired nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity and reactive oxygen species (ROS) production, neutrophils cannot generate NETs and possess poor antimicrobial activity ([@bib10]; [@bib1]). Conversely, gene therapy with the NADPH oxidase gene in a chronic granulomatous disease patient to restore both NET formation and antimicrobial functions has provided an effective treatment for this disease ([@bib1]).

In the eukaryotic nucleus, 147 bp of DNA is wrapped around a core histone octamer, which includes two of each histone H3, H2B, H2A, and H4, to form a nucleosome. Nucleosomes are ∼11 nm in diameter and are the basic structural units of chromatin ([@bib21]). The association of linker histone H1 with linker DNA further organizes nucleosomes to form higher-order chromatin structures ([@bib4]). During NET formation, chromatin is extremely decondensed to form 15--25-nm chromatin fibers ([@bib3]). However, the mechanisms regulating this extreme chromatin decondensation are less clear. Posttranslational histone modifications play an important role in regulating chromatin structure and function ([@bib12]; [@bib13]), including chromatin decondensation/condensation and transcription regulated by citrullination ([@bib8]; [@bib25], [@bib26]; [@bib19]). We and others have recently found that an increase in histone citrullination is associated with chromatin decondensation during NET formation ([@bib19]; [@bib26]). The conversion of histone Arg or monomethyl-Arg to citrulline residues is catalyzed by peptidylarginine deiminase 4 (PAD4; also called PADI4 or PADV; [@bib25]), a neutrophil enriched nuclear enzyme ([@bib17]). Excessive PAD4 function has been related to rheumatoid arthritis ([@bib29]) and cancer ([@bib6]; [@bib7]). However, whether PAD4 is an important factor for NET-mediated innate immune functions has not been investigated. Here, using the PAD4 knockout mice, we show that PAD4 is required for bacterial killing by NETs.

RESULTS AND DISCUSSION
======================

Effects of PAD4 knockout on mouse early development and neutrophil differentiation
----------------------------------------------------------------------------------

To analyze the function of PAD4 in NET formation and bacterial killing, we generated PAD4^−/−^ mice by deleting PAD4 exon II ([Fig. 1, A and B](#fig1){ref-type="fig"}). Exon II deletion generates a frame shift close to the 5′ end of PAD4 coding domain sequence, thereby terminating PAD4 translation prematurely. PAD4 mutant mice were genotyped using wild-type and mutant-specific PCR primers ([Fig. S1, A--D](http://www.jem.org/cgi/content/full/jem.20100239/DC1)). The PCR product of the mutant PAD4 locus was sequenced to confirm the replacement of exon II by a residual flippase recognition target (FRT) sequence (Fig. S1 E). PAD4 homozygous mice survived to adulthood and demonstrated no detectable physical abnormality (unpublished data). However, PAD4 heterozygous and homozygous mice were born at a rate lower than predicted by the Mendelian ratio (Fig. S1 F), which suggests that the loss of PAD4 affects embryonic development.

![**PAD4 is essential for histone citrullination in mouse neutrophils.** (A) Schematic illustration of the replacement of exon II in the PAD4 gene with the FRT site--flanked neomycin cassette. A Hind III restriction site adjacent to exon II was also replaced. (B) Replacement of exon II leads to an appearance of a 12.5-kb fragment in addition to the 4.5-kb fragment detected by the 5′ probe (left) or the 7.5-kb fragment detected by the 3′ probe (right) in the Southern blot after digestion of ES cell genomic DNA with Hind III (representative results from three independent experiments are shown). (C and D) Flow cytometry analyses of peripheral blood neutrophils in PAD4^+/+^ (C) and PAD4^−/−^ (D) mice using antibodies against neutrophil surface markers CD11b and Ly6G. Peripheral blood neutrophils were purified from five PAD4^+/+^ or five PAD4^−/−^ paired mouse siblings in each experiment. Representative results from three independent experiments are shown. (E) Western blotting of PAD4 protein in PAD4^+/+^ and PAD4^−/−^ neutrophils. Mouse PAD4 was detected as an ∼73-kD protein in SDS-PAGE (five mice per genotype, representative results of two independent experiments). (F) Western blotting of histone citrullination in PAD4^+/+^ and PAD4^−/−^ neutrophils were performed before and after LPS treatment. General H3 antibody was used to ensure equal loading (five mice per genotype, three independent experiments).](JEM_20100239_RGB_Fig1){#fig1}

PAD4 expression increases when human leukemia HL-60 cells differentiate along the granulocytic pathway ([@bib16]), and PAD4 is abundant in the nucleus of peripheral blood neutrophils ([@bib17]). To investigate whether PAD4 depletion affects neutrophil differentiation, we used antibodies against neutrophil cell surface markers CD11b and Ly6G to perform flow cytometry analyses. Comparable amounts of neutrophils were detected in the peripheral blood of PAD4^+/+^ and PAD4^−/−^ mice, respectively ([Fig. 1, C and D](#fig1){ref-type="fig"}). Western blotting showed the expression of PAD4 in PAD4^+/+^ but not PAD4^−/−^ neutrophils ([Fig. 1 E](#fig1){ref-type="fig"}). Electron microscopy analyses found that both PAD4^+/+^ and PAD4^−/−^ neutrophils possess characteristic neutrophil morphology, including lobular nucleus and condensed chromatin regions under the nuclear envelope (Fig. S1 G). The above results indicate that PAD4 deletion did not affect the generation of mouse neutrophils during hematopoiesis.

PAD4 is required for histone citrullination and chromatin decondensation
------------------------------------------------------------------------

Next, we analyzed whether PAD4 is important for histone citrullination. First, we found that recombinant mouse PAD4 citrullinated histone H3 in biochemical assays ([Fig. S2, A--C](http://www.jem.org/cgi/content/full/jem.20100239/DC1)). Second, endogenous histone H3 citrullination was detected in neutrophils from PAD4^+/+^ but not PAD4^−/−^ neutrophils in Western blotting ([Fig. 1 F](#fig1){ref-type="fig"}), which indicates that the basal level of histone H3 citrullination is PAD4 dependent.

NET formation is induced after LPS and PMA treatment in human neutrophils ([@bib3]). To test whether PAD4 is important for chromatin decondensation and NET formation upon LPS treatment, immunostaining experiments were performed. Before LPS treatment, ∼3.69% of PAD4^+/+^ neutrophils are positively stained for histone H3 citrullination, but NET formation was not detected ([Fig. 2 A](#fig2){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}), whereas histone H3 citrullination or NET formation was not observed in PAD4^−/−^ neutrophils ([Fig. 2 A](#fig2){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). After 3 h of LPS treatment, an increase in histone H3 citrullination was detected in PAD4^+/+^ but not in PAD4^−/−^ neutrophils by Western blotting ([Fig. 1 F](#fig1){ref-type="fig"}) or immunostaining analyses ([Fig. 2 B](#fig2){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). DNA staining (pseudo-colored green) identified chromatin decondensation to various degrees after LPS treatment, including swelling nuclei ([Fig. 2 B](#fig2){ref-type="fig"}; Nuclear area quantification with ImageJ in [Fig. S3 A](http://www.jem.org/cgi/content/full/jem.20100239/DC1) showed an ∼3.5-fold increase of these swelling nuclei) and elongated chromatin in PAD4^+/+^ neutrophils ([Fig. 2 B](#fig2){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}). NETs are composed of highly decondensed chromatin and anti-bacterial granular proteins ([@bib3]). The decondensed chromatin induced by LPS showed positive staining by histone H3 citrullination and neutrophil elastase antibodies ([Fig. 2 C](#fig2){ref-type="fig"}), which indicates that these structures are indeed NETs. The PAD inhibitor Cl-amidine was previously found to repress the formation of a NET-like structure in human HL-60 granulocytic cells ([@bib26]). After pretreatment of PAD4^+/+^ mouse neutrophils with Cl-amidine for 30 min, histone H3 citrullination and chromatin decondensation induced by LPS were much more decreased than untreated neutrophils ([Table I](#tbl1){ref-type="table"} and Fig. S3 B), which indicates that PAD activity is important for NET formation. Furthermore, chromatin decondensation and histone citrullination were detected in PAD4^+/+^ but not in PAD4^−/−^ neutrophils after 3 h of PMA treatment ([Table I](#tbl1){ref-type="table"} and Fig. S3 C). These results indicate that PAD4^−/−^ mouse neutrophils lack the ability to citrullinate histones or form NETs after LPS and PMA treatment.

###### 

Percentages of mouse neutrophils with positive histone citrullination, enlarged nucleus, and NET formation after treatment with LPS, PMA, and H~2~O~2~

  Treatment                                           PAD4^+/+^                                      PAD4^−/−^                                                                                               
  --------------------------------------------------- ---------------------------------------------- ---------------------------------------------- ---------------------------------------------- ---- ---- ----
  **Control**                                         3.7 ± 0.3%[e](#tblfn5){ref-type="table-fn"}    UD[f](#tblfn6){ref-type="table-fn"}            UD                                             UD   UD   UD
  **LPS**                                             42.3 ± 3.9%[e](#tblfn5){ref-type="table-fn"}   23.4 ± 2.7%[e](#tblfn5){ref-type="table-fn"}   9.5 ± 0.5%[e](#tblfn5){ref-type="table-fn"}    UD   UD   UD
  Cl-amidine[f](#tblfn6){ref-type="table-fn"} → LPS   8.1 ± 1.3%[e](#tblfn5){ref-type="table-fn"}    1.2 ± 0.2%[e](#tblfn5){ref-type="table-fn"}    0.32 ± 0.3%[e](#tblfn5){ref-type="table-fn"}   UD   UD   UD
  **PMA**                                             48.5 ± 3%[e](#tblfn5){ref-type="table-fn"}     10.9 ± 0.3%[e](#tblfn5){ref-type="table-fn"}   2.7 ± 0.5%[e](#tblfn5){ref-type="table-fn"}    UD   UD   UD
  **H~2~O~2~**                                        48.3 ± 5.4%[e](#tblfn5){ref-type="table-fn"}   13.4 ± 1.4%[e](#tblfn5){ref-type="table-fn"}   3 ± 0.3%[e](#tblfn5){ref-type="table-fn"}      UD   UD   UD

U.D., undetectable.

The nucleus is scored as an enlarged nucleus if its nuclear diameter is \>1.5-fold larger than a regular neutrophil, which is ∼10 µm in diameter.

Enlarged nuclei were found to be histone citrullination positive.

NET formation is scored if chromatin has extruded and elongated from the nucleus to extracellular space and is confirmed by neutrophil elastase staining after LPS treatment.

NETs were found to be histone citrullination positive.

Averages and standard deviations were shown (three independent experiments, \>500 cells were counted from each experiment).

200 µM Cl-amidine was used to treat neutrophils for 30 min before LPS treatment for 3 h.

![**PAD4 is required for chromatin decondensation and NET formation after LPS and H~2~O~2~ treatment.** (A) Histone citrullination and nuclear morphology in untreated neutrophils. A small number (∼3.69%) of PAD4^+/+^ neutrophils showed robust histone H3 citrullination (H3Cit) staining before stimulation. DNA dye Hoechst staining was pseudo-colored green. Decondensed chromatin was not observed before stimulation. Histone H3Cit or chromatin decondensation were not observed in PAD4^−/−^ neutrophils before stimulation. (B) LPS treatment induced histone citrullination and chromatin structural changes in PAD4^+/+^ neutrophils. DNA was pseudo-colored green. Notice the swelling nucleus (top) and chromatin elongation (middle). In contrast, LPS treatment did not induce histone citrullination or chromatin structural changes in PAD4^−/−^ neutrophils (bottom). (C) Histone citrullination and neutrophil elastase staining colocalized with decondensed chromatin stained by DNA dye in PAD4^+/+^ neutrophils after LPS treatment. (D) H~2~O~2~ treatment induced histone citrullination and chromatin structural changes in PAD4^+/+^ neutrophils but not in PAD4^−/−^ neutrophils. For assays in A--D, peripheral blood neutrophils were purified from five PAD4^+/+^ or five PAD4^−/−^ paired mouse siblings in each experiment, and at least three independent experiments for each treatment condition were performed.](JEM_20100239_RGB_Fig2){#fig2}

ROS, such as H~2~O~2~, efficiently induce the formation of NETs in adult neutrophils ([@bib10]; [@bib19]) but not in newborn infant neutrophils ([@bib30]), which suggests that other cellular mechanisms downstream of ROS are involved in regulating NET formation. Histone H3 citrullination and NET formation were detected in PAD4^+/+^ but not in PAD4^−/−^ neutrophils after 3 h of H~2~O~2~ treatment ([Fig. 2 D](#fig2){ref-type="fig"} and [Table I](#tbl1){ref-type="table"}), which indicates that PAD4 functions downstream of H~2~O~2~ stimulus during NET formation. [Table I](#tbl1){ref-type="table"} summarizes the efficacy of LPS, PMA, and H~2~O~2~ in inducing chromatin structure changes in neutrophils. Although each of the treatments elicited nuclear morphology changes and NET formation to a certain extent, LPS was the most potent inducer for NET formation under current treatment conditions ([Table I](#tbl1){ref-type="table"}). Furthermore, RT-PCR experiments showed that the depletion of PAD4 in neutrophils did not affect the expression of other active PAD family members, including PAD1, -2, and -3 (Fig. S3 D). Collectively, the above results indicate that PAD4 is important for NET formation in mouse neutrophils upon treatment with proinflammatory stimuli.

PAD4 is required for *S. flexneri* killing by NETs
--------------------------------------------------

To analyze whether PAD4 is essential for NET formation after incubation with bacteria, we chose the pathogenic bacteria strain *S. flexneri*, which was previously shown to induce NET formation ([@bib3]). After priming neutrophils with IL-8 for 30 min and then incubation with *S. flexneri* for 2 h after a previously described procedure ([@bib3]), histone citrullination was detected in 28.1 ± 4.7% of PAD4^+/+^ neutrophils, and formation of NETs was detected in 13.9 ± 1.8% of PAD4^+/+^ neutrophils ([Fig. 3 A](#fig3){ref-type="fig"}, arrows denote NETs and open circles denote bacteria), which indicates that a fraction of neutrophils commit NET formation to kill extracellular bacteria. In contrast, histone citrullination or NET formation was not detected in PAD4^−/−^ neutrophils ([Fig. 3 B](#fig3){ref-type="fig"}). Immunostaining images at higher magnification showed that histone H3 citrullination antibody stained NETs that are in close contact with bacteria ([Fig. 3 C](#fig3){ref-type="fig"}, circles).

![**PAD4 is required for bacterial killing mediated by NETs.** (A and B) Preincubation of neutrophils with IL-8 followed by incubation with *S. flexneri* bacteria induced histone citrullination and NET formation in PAD4^+/+^ (A) but not in PAD4^−/−^ neutrophils (B). Arrows in A denote decondensed chromatin forming NETs. Circles in A and B highlight bacteria stained by the DNA dye. (C) Higher magnification images showing histone H3 citrullination and DNA staining of decondensed chromatin associated with bacteria. Circles indicate bacteria stained by DNA dye. (D) Percentages of *S. flexneri* bacteria killed by PAD4^+/+^ or PAD4^−/−^ neutrophils, or neutrophils treated with cytochalasin D, DNase I, or both cytochalasin D and DNase I before incubation with bacteria. P-values (*n* = 4) were determined by a Student's *t* test. Error bars indicate standard deviation. For assays in A--D, peripheral blood neutrophils were purified from five PAD4^+/+^ or five PAD4^−/−^ paired mouse siblings in each experiment, and at least three independent experiments were performed.](JEM_20100239_RGB_Fig3){#fig3}

To test whether PAD4-mediated NET formation is important for bacterial killing, *S. flexneri* were incubated with IL-8--primed PAD4^+/+^ and PAD4^−/−^ neutrophils for 30 min, and bacterial killing was analyzed by colony formation assays. Under conditions when both phagocytosis and NET formation were permitted, 54.6 ± 6.6% and 33.6 ± 2.2% of bacteria were killed by PAD4^+/+^ and PAD4^−/−^ neutrophils, respectively ([Fig. 3 D](#fig3){ref-type="fig"}). When phagocytosis was inhibited by cytochalasin D, 33.6 ± 4.5% and 10.5 ± 3.5% of bacteria were killed by the PAD4^+/+^ and the PAD4^−/−^ neutrophils, respectively ([Fig. 3 D](#fig3){ref-type="fig"}), demonstrating a significant decrease (*n* = 4, P \< 0.001, Student's *t* test) in NET-mediated bacterial killing by PAD4^−/−^ neutrophils compared with PAD4^+/+^ neutrophils. In contrast, when DNase I was added to disrupt NETs, PAD4^+/+^ and PAD4^−/−^ neutrophils showed similar bacterial killing efficacy ([Fig. 3 D](#fig3){ref-type="fig"}), which suggests that the phagocytosis pathway is not affected by PAD4 deletion. When both cytochalasin D and DNase I were used simultaneously, bacteria killing by both the PAD4^+/+^ and the PAD4^−/−^ neutrophils was decreased to low and comparable levels ([Fig. 3 D](#fig3){ref-type="fig"}). Collectively, these data indicate that PAD4 is important for *S. flexneri* killing mediated by NETs. Further, PAD4^+/+^ and PAD4^−/−^ neutrophils uptake fluorescent bioparticles at comparable efficacy in phagocytosis analyses ([Fig. S4, A and B](http://www.jem.org/cgi/content/full/jem.20100239/DC1)), which indicates that the loss of PAD4 does not affect phagocytosis.

Killing M1 GAS or M1 Δ*Sda1* GAS bacteria by neutrophils
--------------------------------------------------------

Certain serotypes of GAS, such as M1 GAS, cause an invasive infection called necrotizing fasciitis ([@bib5]). M1 GAS secretes an extracellular DNase (Sda1) that helps bacteria to evade trapping and killing by NETs ([@bib5]). We postulated that the M1 GAS and M1 Δ*Sda1* GAS strains offer a unique system to test the role of PAD4 in mediating NET formation and bacterial killing in vitro and in vivo. Similarly as previously reported ([@bib5]), DNase activity was detected from the culture supernatant of M1 GAS but not from M1 Δ*Sda1* GAS ([Fig. 4 A](#fig4){ref-type="fig"}, compare lanes 2 and 3). Consistent with the notion that Sda1 helps M1 GAS disrupt the DNA backbone of NETs, M1 GAS induced histone H3 citrullination in PAD4^+/+^ neutrophils, but NETs were rarely observed ([Fig. 4 B](#fig4){ref-type="fig"}, top; and [Fig. 4 D](#fig4){ref-type="fig"}, light gray bars). In contrast, M1 Δ*Sda1* GAS induced both histone citrullination and NET formation in PAD4^+/+^ neutrophils ([Fig. 4 C](#fig4){ref-type="fig"}, top; and [Fig. 4 D](#fig4){ref-type="fig"}, dark gray bars). Higher-magnification images showed NET structures associated with bacteria after incubation of PAD4^+/+^ neutrophils with M1 Δ*Sda1* GAS ([Fig. 4 E](#fig4){ref-type="fig"}). Moreover, neither M1 GAS nor M1 Δ*Sda1* GAS induced histone citrullination or NET formation in PAD4^−/−^ neutrophils ([Fig. 4, B and C](#fig4){ref-type="fig"}, bottom), which indicates that PAD4 is important for histone citrullination and NET formation induced by GAS bacteria.

![**Antagonism of PAD4-mediated NET formation and bacterial extracellular DNase-mediated NET destruction.** (A) Genomic DNA (untreated in lane 1) was incubated with cell culture supernatant from wild-type M1 GAS (lane 2) or M1 Δ*Sda1* GAS (lane 3). DNA degradation by DNase Sda1 was observed (lane 2; representative results of three independent experiments). (B) Upon incubation of M1 GAS with PAD4^+/+^ neutrophils, histone H3 citrullination was detected but NETs were rarely observed by immunostaining (top). In contrast, histone H3 citrullination or NETs were not detected after incubation of M1 GAS with PAD4^−/−^ neutrophils (bottom). (C) Both histone H3 citrullination and NETs were detected after incubation of M1 Δ*Sda1* GAS with PAD4^+/+^ neutrophils (top, arrows denote NETs). In contrast, histone H3 citrullination or NETs were not detected after incubation of M1 Δ*Sda1* GAS with PAD4^−/−^ neutrophils (bottom). (D) Percentages of PAD4^+/+^ neutrophils with H3 citrullination staining or with both H3 citrullination and NET formation after incubation with M1 GAS or M1 Δ*Sda1* GAS were analyzed. The presence of Sda1 decreased NET formation by ∼4.2-fold (P \< 0.003 by a Student's *t* test). All NETs were positive for the H3 citrullination antibody staining. Error bars indicate standard deviation. (E) Higher-magnification images show NETs formed in PAD4^+/+^ neutrophils after incubation with M1 Δ*Sda1* GAS (arrows denote NETs). For assays in B-E, peripheral blood neutrophils were purified from five PAD4^+/+^ or five PAD4^−/−^ paired mouse siblings in each experiment, and three independent experiments were performed.](JEM_20100239_RGB_Fig4){#fig4}

Next, we tested the bacterial killing efficacy of M1 GAS or M1 Δ*Sda1* GAS by PAD4^+/+^ or PAD4^−/−^ neutrophils (Fig. S4 C). Wild-type M1 GAS bacteria were killed by PAD4^+/+^ and PAD4^−/−^ neutrophils at low but comparable efficacy, whereas M1 Δ*Sda1* GAS was killed more efficiently by PAD4^+/+^ neutrophils than by PAD4^−/−^ neutrophils (Fig. S4C, 1--4), which suggests that (a) NET-mediated bacterial killing by PAD4^+/+^ neutrophils was inhibited by the DNase Sda1, and (b) that PAD4^−/−^ neutrophils have a decreased ability in killing M1 Δ*Sda1* GAS due to a lack of NET formation. Furthermore, when phagocytosis was inhibited by cytochalasin D, PAD4^+/+^ neutrophils killed M1 Δ*Sda1* GAS more effectively, but not more M1 GAS than PAD4^−/−^ neutrophils (Fig. S4 C, 5--8). In contrast, when NET formation was inhibited by DNase I treatment, PAD4^+/+^ neutrophils were somewhat less efficient in killing bacteria than PAD4^−/−^ neutrophils (Fig. S4 C, 9--12). These results underscore the importance of PAD4 in NET-mediated killing of GAS and a dynamic contribution of NETs and phagocytosis in bacterial killing.

PAD4^−/−^ mice are more susceptible to infection by M1 Δ*Sda1* GAS
------------------------------------------------------------------

To analyze the susceptibility of PAD4^−/−^ mice to bacterial infection, we applied the mouse model of necrotizing fasciitis ([@bib5]), in which M1 GAS or M1 Δ*Sda1* GAS bacteria were subcutaneously injected into paired PAD4^+/+^ and PAD4^−/−^ mouse siblings. In agreement with the in vitro bacterial killing results, PAD4^+/+^ and PAD4^−/−^ mice developed large lesions at 3 d after injection of 5 × 10^6^ M1 GAS bacteria ([Fig. 5 A](#fig5){ref-type="fig"}, mouse left flanks). In contrast, PAD4^+/+^ mice developed small lesions, whereas PAD4^−/−^ mice developed much larger lesions at 3 d after injection of 5 × 10^6^ M1 Δ*Sda1* GAS bacteria ([Fig. 5 A](#fig5){ref-type="fig"}, mouse right flanks). The lesion areas were measured using ImageJ. Compared with that in PAD4^+/+^ mice, M1 Δ*Sda1* GAS formed ∼4.03-fold larger lesions in PAD4^−/−^ mice (P \< 0.001; [Fig. 5 B](#fig5){ref-type="fig"}, dark gray bars). Colony formation assays of bacteria recovered from necrotic lesion sites found that M1 Δ*Sda1* GAS proliferated ∼3.97-fold more in PAD4^−/−^ mice than in PAD4^+/+^ mice (P \< 0.001; [Fig. 5 C](#fig5){ref-type="fig"}). Skin lesions were also taken at 2 d after infection and prepared for histology analyses. The lesion severity was scored from 0 (normal) to 4 (severe) based on the presence of neutrophils, edema, necrosis, and skin ulceration according to a previously described method ([@bib15]). The difference was most pronounced with the M1 Δ*Sda1* GAS infections where the average pathology score for PAD4^−/−^ mice was approximately four times greater than that of the PAD4^+/+^ mice (unpublished data). Representative photomicrographs of lesions from each group were shown ([Fig. 5 D](#fig5){ref-type="fig"}). These histopathological findings are in close agreement with the overall findings and colony formation assays.

![**PAD4 is important in immune defense against GAS in a mouse model of necrotizing fasciitis.** (A) In necrotizing fasciitis assays, M1 GAS but not M1 Δ*Sda1* GAS induced large lesions in PAD4^+/+^ mice (two representative PAD4^+/+^ mice are shown on the left panels). In contrast, both M1 GAS and M1 Δ*Sda1* GAS formed large lesions in PAD4^−/−^ mice (right). Arrows indicate lesion sites. (B) Lesion size was measured using ImageJ. The size of lesion formed by M1 Δ*Sda1* GAS in PAD4^−/−^ mice increased ∼4.03-fold compared with PAD4^+/+^ mice (P \< 0.001 by a Student's *t* test). (C) The number of bacteria recovered from the lesion formation site was analyzed by colony formation assays. The number of M1 Δ*Sda1* GAS bacteria recovered from PAD4^−/−^ mice increased ∼3.97-fold compared with PAD4^+/+^ mice (P \< 0.001 by a Student's *t* test). For A-C, three independent experiments were performed, with two pairs of PAD4^+/+^ and PAD4^−/−^ mouse siblings used for each experiment. (D) Representative photomicrographs of skin lesions from PAD4^+/+^ and PAD4^−/−^ mice infected with M1 GAS and M1 Δ*Sda1* GAS. Arrows indicate neutrophilic infiltrates and the star highlights intact epithelium that is absent in the other sections. Magnification is 100×. Three independent experiments, with one pair of PAD4^+/+^ and PAD4^−/−^ mouse siblings, were formed for each experiment. (E) GST-PAD4 expressed and purified from *Escherichia coli* was used to treat histone H3 and mononucleosomes. The citrullination of histone H3 was tested by using histone H3 citrullination antibody (H3Cit) in Western blotting. Histone H3 was probed to show the amount of histone H3 in each lane (representative results of three independent experiments). (F) Analyses of the percentages of *S. flexneri* bacteria killed by histone H3, citrullinated histone H3, mononucleosomes, and citrullinated mononucleosomes at concentrations indicated. Standard deviations (indicated by error bars) are calculated from three independent repeat experiments.](JEM_20100239_RGB_Fig5){#fig5}

Histones are highly enriched for positively charged Lys and Arg residues and have been found to effectively kill bacteria at low concentrations ([@bib11]). To test the effects of Arg-Cit conversion on bacterial killing by histones, we treated free histone H3 or mononucleosomes with PAD4 and confirmed the histone citrullination by Western blotting ([Fig. 5 E](#fig5){ref-type="fig"}). In bacterial killing assays, we found that the citrullination of Arg residues of free histone H3 or nucleosomal histones decreased their respective efficacy of bacterial killing ([Fig. 5 F](#fig5){ref-type="fig"}). Collectively with the bacterial killing results by neutrophils, our results indicate that histone citrullination contributes to antibacterial function mainly by facilitating NET formation instead of increasing histone's antibacterial activity.

Although the role of histone hypercitrullination in NET formation has been implicated in previous studies, it is now clear that PAD4 is an important immune factor required for NET-mediated anti-bacterial innate immunity. We have shown here that the deletion of PAD4 in mice abolishes both basal and inducible histone citrullination in peripheral blood neutrophils. This lack of histone citrullination is likely caused by the absence of PAD4 because the depletion of PAD4 does not affect the expression of other active PAD family members. We have also found that PAD4 is necessary for the formation of NETs induced by LPS, PMA, H~2~O~2~, and bacteria in cell culture, and that PAD4^−/−^ neutrophils posses significantly decreased activity in killing bacteria in vitro due to a lack of NET formation.

Interestingly, [@bib5] showed that certain bacterial pathogens have evolved a mechanism in which they secrete an extracellular DNase to escape killing and trapping by NETs to enhance their survival within the host. Using the necrotizing fasciitis model with *S. pyogenes* strains of M1 GAS and M1 Δ*Sda1* GAS in PAD4^+/+^ and PAD4^−/−^ mice, we demonstrated that PAD4^−/−^ mice are more susceptible to bacterial infection than PAD4^+/+^ mice due to a lack of NET function.

Many pathological and genetic studies linked PAD4 and protein citrullination in synovial fluid with rheumatoid arthritis ([@bib29]). We envision that under chronic inflammatory conditions, PAD4 is released from neutrophils during NET formation inside joints, leading to citrullination of self-proteins and thereby generating autoimmune antigens. As such, the decision for neutrophils to form NET must be deliberately controlled. It has been observed that neutrophils in newborns lack the ability to form NETs ([@bib30]), and only a certain percentage of neutrophils engage NET formation in mice and human neutrophils ([@bib10]). Further study of how NET formation is regulated will help us understand more about this fascinating process of bacterial killing.

MATERIALS AND METHODS
=====================

### Generation of PAD4 knockout mice.

To generate the PAD4 knockout construct, a 3.1-kb PAD4 intron I fragment and a 2.7-kb PAD4 intron II fragment were PCR amplified and cloned before and after the neomycin cassette of the pGK-Neo-FRT vector (a gift from B. Wang, Weill Medical College, Cornell University, New York, NY). The knockout construct was sequence confirmed and linearized before electroporation to transfect embryonic stem (ES) J1 cells. ES cell colony screening was performed as described previously ([@bib28]). ES cells were microinjected into the early embryos to generate chimeric mice at the Transgenic Mouse Facility at Pennsylvania State University. To remove the neomycin cassette inserted in the PAD4 locus, neomycin-containing PAD4 homozygous mice were crossed with flippase-expressing 129S4/SvJaeSor-Gt(ROSA)26Sortm1(FLP1)Dym/J mice purchased from the Jackson Laboratory. The F1 generation was sibling crossed, and the F2 generation was PCR genotyped to identify PAD4 mice with the neomycin cassette removed from its insertion site at PAD4 exon II. All mice were maintained in an authorized animal facility, and mouse experiments were performed in accordance with the approved guideline of the Institutional Animal Care and Use Committee of Pennsylvania State University.

### PCR genotyping of the PAD4^+/+^, PAD4^+/−^, and PAD4^−/−^ mice.

Tail clipping and mouse genomic DNA extraction was performed essentially as described previously ([@bib14]). Primers for PAD4 wild type were 5′-CACCGGGATTAAATACCCAATA-3′ and 5′-TGTGAACGTGACTGCATTTAGA-3′. Primers for PAD4 knockout were 5′-AGACCTGAGGAAGCTCAGACCTC-3′ and 5′-AGTGGTTTAGTCACACTGTGGATGT-3′.

### Mouse peripheral blood neutrophil purification.

Mice peripheral blood was collected from the mandibular vein. Blood collected from five paired PAD4^+/+^ and PAD4^−/−^ mouse siblings was pooled for neutrophil purification using Histopaque-1077 and -1119 density gradients according to the manufacturer's instructions (Sigma-Aldrich). Contaminating erythrocytes were removed by hypotonic treatment. Neutrophils were finally resuspended in ice-cold PBS containing 10 mM [d]{.smallcaps}-glucose before further experiments.

### Immunostaining, flow cytometry, and TEM analyses.

Cell staining was performed essentially as described previously ([@bib25]). Antibodies used for immunostaining included α-H3Cit (Abcam) and α-neutrophil elastase (Santa Cruz Biotechnology, Inc.). DNA was stained by the DNA dye Hoechst. For flow cytometry analysis, 2 × 10^5^ cells purified using Histopaque were resuspended in 200 µl PBS supplemented with 3% FBS. Biotinized CD11b antibody (BD) was added and incubated for 1 h on ice. After washing with PBS, streptavidin-conjugated PE (SA-PE; eBioscience) and fluorescein isothiocyanate-conjugated Ly6G antibody (BD) were added and incubated for 30 min in the dark. At least 10^4^ positive stained cells were counted using a flow cytometer (FC500; Beckman Coulter) and analyzed with the CXP software at the Penn State Flow Cytometry Facility. Transmission electron microscopy analyses of PAD4^+/+^ and PAD4^−/−^ neutrophil morphology were performed using the service of the Penn State Electron Microscopy Facility.

### Western blotting and RT-PCR.

Western blotting using the α-PAD4 antibody was performed essentially as described previously ([@bib25]). For RT-PCR, total RNA was extracted from neutrophils purified from peripheral blood of paired PAD4^+/+^ and PAD4^−/−^ siblings using the RNeasy minikit (QIAGEN). RNA concentrations were measured using a spectrophotometer and further normalized using the amount of 18S rRNA. Equal amounts of RNA (0.3 µg) were used to perform RT-PCR using the Superscript One-Step RT-PCR kit (10928--042; Invitrogen). RT-PCR primers were mPAD1 (5′-ATGACTTCAAGGTGAAGGTG-3′ and 5′-TGTAGTTGGAGAGGGATGTC-3′), mPAD2 (5′-CTACATCTCCATGTCGGACT-3′ and 5′-GTGCCTCAATATAGCCAAAC-3′), mPAD3 (5′-GACTGTGACATGAACTGTGC-3′ and 5′-TCGGAGAAGTCCTCATTAGA-3′), and mPAD4 (5′-CTCTCCAGGAGTCATCGTAG-3′ and 5′-CCAACACCAGCTGATACTTT-3′).

### Bacterial strains and growth conditions.

The *S. flexneri* strain (provided by the *E. coli* Reference Center at Penn State University) was grown in Luria-Bertani media. The M1 serotype of the GAS strain and the M1 Δ*Sda1* GAS strain were provided by V. Nizet (University of California, San Diego, San Diego, CA) and were grown in Todd-Hewitt broth (THB) or agar (THA).

### Treatment of neutrophils with LPS, PMA, H~2~O~2~, IL-8, and the bacterial strains *S. flexneri* and GAS.

Mouse neutrophils were stimulated for 3 h with 1 µg/ml LPS, 100 µM H~2~O~2~, and 25 nM PMA, in the presence of 2 mM calcium at 37°C and 5% CO~2~ in PBS supplemented with 10 mM [d]{.smallcaps}-glucose before an immunostaining assay to determine NET formation. Enlarged neutrophil nuclei after 3 h of LPS treatment were measured using ImageJ (National Institutes of Health) to determine nuclear area changes. For PAD inhibitor treatment, neutrophils were incubated with 200 µM Cl-amidine for 30 min before LPS treatment. For IL-8 and bacteria treatment, 2 × 10^5^ neutrophils were first incubated with 100 ng/ml IL-8 at 37°C and 5% CO~2~ for 30 min. 2 × 10^7^ exponential phase *S. flexneri* or GAS were then added, and samples were centrifuged at 200 g for 10 min and further incubated with neutrophils for 2 h before immunostaining.

### Phagocytosis assay.

Phagocytosis assays were performed using a Vybrant Phagocytosis Assay kit (Invitrogen) with modifications for use with flow cytometry essentially as described previously ([@bib23]).

### DNase activity assay.

M1 and M1 Δ*Sda1* GAS bacteria were grown overnight in THB, and the supernatant was collected. 1 µg of U2OS cell genomic DNA was incubated with 3 µl of bacteria supernatant for 10 min at 37°C in a total volume of 50 µl of buffer (300 mM Tris-HCl, pH 8.0, 3 mM CaCl~2~, and 3 mM MgCl~2~). EDTA was then added to a final concentration of 60 mM to stop the reaction. DNA was visualized in 1.2% agarose gel electrophoresis.

### Bacterial killing assays using neutrophils.

Neutrophils purified from the peripheral blood of paired PAD4^+/+^ and PAD4^−/−^ mouse siblings were resuspended in Locke's solution (10 mM Hepes, pH 7.4, 150 mM NaCl, 2 mM KCl, 2 mM CaCl~2~, and 10 mM [d]{.smallcaps}-glucose) at 2 × 10^6^ cells/ml and incubated with 100 ng/ml IL-8 at 37°C in a 5% CO~2~ incubator for 30 min. 10 µg/ml cytochalasin D and/or 100 U/ml DNase I were then added to each individual group and further incubated for 15 min. Exponential phase *S. flexneri*, M1 GAS, or M1 Δ*Sda1* GAS bacteria were incubated with neutrophils to a multiplicity of infection (bacteria/cells) of 1:100. Cultures were centrifuged at 700 g for 10 min and further incubated for 30 min at 37°C. Samples were plated in lysogeny broth agar or THA at a series of 1:10 dilution, and CFUs were analyzed. Bacterial killing efficacy was calculated as the percentage of control values (bacteria incubated alone without neutrophils).

### Mouse infection, necrotizing fasciitis, and histology assays.

Necrotizing fasciitis experiments were performed essentially as described previously ([@bib9]; [@bib5]). In brief, 5 × 10^6^ M1 GAS or M1 Δ*Sda1* GAS bacteria at exponential growth phase were pelleted, washed, resuspended in 50 µl PBS, diluted 1:1 with 2.5 mg/ml Cytodex beads (Sigma-Aldrich), and subcutaneously injected into the shaved left and right flanks of 8--10-wk-old paired PAD4^+/+^ and PAD4^−/−^ mouse siblings, respectively. Two pairs of PAD4^+/+^ and PAD4^−/−^ mouse siblings were simultaneously injected for each independent experiment. Three independent experiments were performed. At 3 d after infection, mice were euthanized with CO~2~ and the lesion areas were pictured alongside with a scale bar. Lesion size was measured using ImageJ. The lesion areas were removed by skin biopsy and added to PBS. Bacteria extracted into PBS were plated in THA plates at a series of 1:10 dilution to determine CFUs. For histological evaluation, the skin lesions were excised at 2 d after bacterial infection and fixed with 10% neutral buffered formalin, embedded in paraffin, and sectioned. Slides were routinely prepared and stained with hematoxylin and eosin. An assessment of microscopic lesions was made by one of the authors (M.J. Kennett), a veterinarian with training and experience in rodent pathology and blinded to experimental treatment. The presence of neutrophils, edema, necrosis, and ulceration in each lesion were graded subjectively, on a relative scale of 0 to 4, with 0 being normal, 1 being mild, 2 being moderate, 3 being marked, and 4 being severe. The pathology score was calculated as the mean of the four categories for each infection.

### Bacteria killing using histones and nucleosomes with or without citrullination.

Histone H3 and mononucleosomes were citrullinated by PAD4 as described previously ([@bib25]). 10^6^ exponential growing phase *S. flexneri* were incubated with unmodified or citrullinated histone H3 and mononucleosomes at various concentrations in a total volume of 100 µl at 37°C, with shaking in Hanks' balanced salt solution buffer supplemented with 10 mM Hepes, pH 7.4. Samples were plated in lysogeny broth agar at a series of 1:10 dilution to determine CFUs. Bacterial killing efficacy was calculated as the percentage of control values (bacteria incubated alone without histone H3 or mononucleosomes).

### Online supplemental material

Fig. S1 shows the generation of PAD4 knockout mice and the characterization of mutant mice and neutrophils. Fig. S2 shows that mouse GST-PAD4 fusion protein citrullinated histone H3. Fig. S3 shows that PAD4 activity is required for histone citrullination and NET formation after LPS and PMA treatment. Fig. S4 shows that PAD4^−/−^ neutrophils are normal in phagocytosis but lack the ability to kill GAS bacteria by NETs. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20100239/DC1>.
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